Abstract Various strains of immune-compromised mice have been developed to investigate human normal and malignant stem cells in vivo. NOD/SCID mice harboring complete null mutation of Il2rg (NSG mice) lack T cells, B cells, and NK cells, and support high levels of engraftment by human cord blood hematopoietic stem cells (CB HSCs) and acute myeloid leukemia stem cells (AML LSCs). In addition to achieving high levels of human hematopoietic cell engraftment, use of newborn NSG mice as recipients has enabled the investigation into how human CB HSCs generate mature immune subsets in vivo. Moreover, through establishing an in vivo model of human primary AML by xenotransplantation of human LSCs into newborn NSG mice, functional properties of human AML such as cell cycle, location, and self-renewal capacity can be examined in vivo. Newborn NSG xenogeneic transplantation model may facilitate the understanding of human normal and malignant hematopoiesis and contribute to the development of novel therapies against hematologic diseases.
Introduction
Acute myeloid leukemia (AML) is one of the most intractable hematological malignancies in adults. Although substantial proportion of AML patients achieves complete remission through standard induction chemotherapy, those with poor prognostic factors experience relapse. To improve clinical outcomes of poor prognosis AML patients, we need to clarify previously unknown mechanisms underlying AML relapse. Recent reports suggest that hierarchy may exist in AML pathogenesis and that nonstem leukemia cells originate from leukemia stem cells (LSCs) [1] . Moreover, AML LSCs have been shown to be resistant to chemotherapy and are responsible for disease relapse [2] . Furthermore, normal hematopoietic progenitor cells along with hematopoietic stem cells (HSCs) may be converted to LSCs through chromosomal abnormalities and gene mutations. To study the physiology and pathophysiology of human normal and malignant hematopoiesis in vivo, various xenograft models have been developed. In this review, newborn NSG xenogeneic transplantation model of human primary AML is discussed.
Previous xenograft models
Investigators have tried to recapitulate normal and malignant human hematopoiesis in mice over the last several decades. C.B.-17-scid mice are deficient in both mature B cells and T cells due to the spontaneous mutation of Prkdcscid [3] . Scid-hu assay demonstrated the engraftment of human fetal liver-derived hematopoietic cells with implantation of human fetal thymic tissue under kidney capsule. PBL-scid system was also reported to establish an assay to analyze the kinetics of human peripheral blood mononuclear cells [4, 5] . Nevertheless, low levels of human leukocyte engraftment limited the use of scidrepopulating assay for modeling human hematopoiesis and immunity in mice. NOD/SCID mice developed by backcrossing scid mutation from the C.B.-17-scid mice onto F. Ishikawa (&) Laboratory for Human Disease Models, RIKEN Center for Integrated Medical Sciences, 1-7-22 Suehiro-cho, Tsurumi-ku, Yokohama, Kanagawa 230-0045, Japan e-mail: f_ishika@rcai.riken.jp NOD strain supported engraftment of human cord blood (CB) cells more efficiently compared with C.B.-17-scid mice [6] . The improved human hematopoietic engraftment may be attributable to impaired monocyte function, complement deficiency, and single nucleotide polymorphism of SIRPa in these recipients [6, 7] . Transgenic expression of human Sirpa in Balbc/Rag2KO/gcKO mice and expression of NOD mouse-derived Sirpa in C57BL6 mice resulted in better support of human hematopoietic cell engraftment [8, 9] . Use of anti-asialo GM1 or anti-CD122 (Il2rb) further increased the engraftment levels of human CD45? cells in the NOD/SCID mice suggesting that residual mouse NK cells may play a role in rejecting xenogeneic human cells [10] [11] [12] . To deplete mouse NK cells, NOD/SCID/b2mKO mice were developed. Deletion of mouse MHC class I light chain in the NOD/SCID mice has led to the improved engraftment of human CB CD34? cells compared with NOD/SCID mice [13, 14] . Furthermore, NOG mice and NSG mice harboring truncated form of Il2rg or complete lack of Il2rg, respectively, were created [10, [15] [16] [17] . Without NOD background, Jacki Goldman reported creation of Rag2KOIl2rgKO mice [18] . Manz et al. reported the efficient reconstitution and function of human immunity in Rag2KOIl2rgKO mice with Balbc background [19] . We set out to establish a sensitive xenotransplantation system using NSG newborns to evaluate normal and malignant human hematopoiesis in vivo.
Normal CB HSC engraftment
First, to evaluate the usefulness of NSG mice in the study of normal human hematopoiesis, we analyzed the engraftment of T cell-depleted human CB CD34? cells. Newborn NSG mice showed significantly higher levels of human CD45? cell engraftment in the bone marrow (BM) and spleen, compared with NOD/SCID/b2mKO recipients. In addition to improved human leukocyte engraftment, we found engraftment of human CD19? B cells, CD33? myeloid cells, and CD3? T cells in the BM and spleen of NSG recipients (Fig. 1a) . For human B cell development, CD10-CD20? mature B cells differentiated in the spleen, and human IgG and IgM were detected in the sera of NSG recipients. Human T cell development was confirmed in the thymus and spleen of human HSC-engrafted NSG mice ( Fig. 1b-d ). CD4?CD8? double-positive (DP) T cells predominated in the engrafted NSG thymus, while CD4? and CD8? single-positive (SP) T cells including gd T cells were present in the spleen. For innate immune subsets, we found differentiation of human neutrophils, monocytes, mast cells, conventional DCs, and pDCs in the recipient BM. Therefore, newborn NSG xenotransplantation model has merit not only in obtaining higher levels of human hematopoietic cell engraftment but also in achieving multilineage differentiation from injected human HSCs. On the other hand, limitations still remain even in the newborn NSG xeno-transplant model presumably due to xenogeneic species barriers between human hematopoietic cells and mouse microenvironment. For instance, human myeloid cells do not develop in the recipient organs as efficiently as human organs. To overcome the problem of inefficient myeloid cell development, investigators have created novel strains of Balbc/Rag2KO/gcKO (Rag2 -/-gc -/-), NOG, and NSG mice. For instance, expression of human M-CSF (CSF1) in the M-CSF knock-in Rag2
-/-gc -/-mice resulted in a more efficient differentiation of CD33?CD14? monocyte/macrophages in the recipient BM and spleen, while expression of human TPO in mice led to better engraftment of human CD33?CD66 high granulocytes in the BM [20, 21] . We have established a new NSG mouse strain expressing membranebound human stem cell factor (SCF) (hSCF TG NSG). Compared with NSG mice without hSCF expression, hSCF TG NSG mice supported significantly higher levels of human CB HSC engraftment in the BM, spleen, and peripheral blood. In hSCF TG NSG recipient BM, hCD33? myeloid cells accounted for the largest proportion in engrafted human hematopoietic cells. Creation of mice with humanized microenvironment may better recapitulate human hematopoiesis and immunity in mice.
AML engraftment
We applied this newborn NSG xenogeneic transplantation system to modeling human AML. We first transplanted T cell-depleted MNCs derived from AML patients into NOD/ SCID/b2mKO newborns and NSG newborns. We found significantly higher levels of T cell-depleted human AML engraftment in NSG mice compared with NOD/SCID/ b2mKO mice [2] . We then analyzed engraftment of purified CD34?CD38-AML cells in NSG mice. Transplantation of CD34?CD38-human AML cells into newborn NSG mice resulted in leukemia initiation as shown by high levels of engraftment of human CD45?CD33? AML cells and impaired murine erythropoiesis. In the analysis of cell surface molecules expressed by the engrafted human CD45? cells in human AML-engrafted recipients, we found that human CD34?CD38? cells and CD34-cells developed along with CD34?CD38-cells in the BM. We then harvested recipient BM cells and purified human CD45?CD34?CD38-cells to perform secondary transplantation. CD34?CD38-population also showed selfrenewal capacity as evidenced by the development of human AML in secondary and tertiary recipients, demonstrating that CD34?CD38-human AML cells are enriched for cells satisfying the criteria for LSCs .
To investigate the biology of minimal residual disease in AML, we examined the sensitivity of primary AML cells of distinct cell surface phenotype to chemotherapy using human AML-engrafted NSG recipients. To this end, we used cytarabine (AraC) that has been widely used at remission induction and post-remission treatment for AML patients. When human AML-engrafted recipients were treated with AraC, we found that human CD34?CD38-cells were relatively resistant to AraC in vivo compared with CD34?CD38? cells or CD34-cells as shown by higher frequency of Annexin V-7-AAD-cells. We further aimed to locate chemotherapy-resistant human LSCs in the recipient BM. In AraC-treated human AML-engrafted NSG recipients, AML cells at the center of BM were efficiently eliminated while AML cells in the endosteal region appeared viable (Fig. 2a) .
Several mechanisms for chemotherapy resistance of leukemia such as expression of ABC transporters and of anti-apoptotic genes have been reported [22] [23] [24] [25] [26] . In our in vivo experiments, AML cells with CD34?CD38-phenotype and in the endosteal region were resistant to AraC. Based on these results, we sought to clarify why AML cells exhibit chemotherapy resistance at the specific location. To do so, we examined cell cycle status of leukemia cells by flow cytometry and by immunofluorescence imaging. First, by staining single cell suspension of primary human AML cells with DNA-binding Hoecst 33342 and RNA-binding Pyronin Y, we found with flow cytometry that the majority of human CD34?CD38-cells were cell cycle quiescent, while CD34?CD38? cells showed greater levels of cell cycle entry. Next, we prepared thin sections from paraformaldehyde-fixed, paraffin-embedded bone specimens to perform immunofluorescent labeling followed by confocal microscopic imaging. Using the sections prepared from recipients with greater than 90 % human CD45? chimerism in the BM, we observed distinct cell cycle status of AML cells according to the location in the BM. Human CD45? AML cells in the central region of BM were actively cycling as evidenced by strong expression of Ki67. In contrast, human AML cells in the endosteal region were largely cell cycle quiescent as shown by negative to low expression of Ki67 (Fig. 2b) . Cell cycle status of AML stem cells in the endosteal region may account for the preferential location of chemotherapyresistant human AML LSCs in the BM.
Disturbing the interactions between AML LSCs and niche
Since we identified cell cycle quiescence of AML LSCs in the endosteal region, we next tried to interfere with the interaction between LSCs and BM niche to modify the cell cycle status of LSCs and to improve their sensitivity to chemotherapy. Previous studies have shown that human HSCs go into cell cycle and proliferate in the presence of cytokines such as G-CSF [27, 28] . In addition, sensitization of AML cells to chemotherapy by cytokines such as G-CSF and GM-CSF has been reported by several investigators [29] [30] [31] . G-CSF may also act on cells composing the BM niche to decrease their capacity to interact with HSCs or LSCs through adhesion molecules [32, 33] .
To evaluate whether in vivo G-CSF treatment alters chemotherapy responsiveness of human AML LSCs, we treated AML-engrafted mice with G-CSF at 300 lg/kg for 5 days. Following treatment, we analyzed the cell cycle status of human AML cells in the BM. Flow cytometry demonstrated that frequency of Hoecst33342lowPyroninY-G0 cells within CD34?CD38-AML cells after the cytokine treatment became significantly higher compared with that in CD34?CD38-cells at steady state. In addition to flow cytometric analysis, we stained bone sections of AML-engrafted mice with or without G-CSF treatment for hCD45, Ki67 and DAPI for nuclear staining. Confocal imaging revealed that the numbers of Ki67-expressing human CD45? AML cells increased significantly in the endosteal region with G-CSF treatment, suggesting that LSCs at the niche were recruited to cycle.
To show that cell cycle quiescence accounts for one of the mechanisms underlying chemotherapy resistance of AML stem cells, we designed in vivo chemotherapy experiments using AraC preceded by G-CSF treatment at 
LSC-specific molecules
While cytokine-priming before chemotherapy has been examined in several clinical trials in the past, the results are mixed, making routine clinical use of this strategy controversial [34] . One reason for this may be that cytokines do not act on LSCs alone and also on normal HSCs, differentiated hematopoietic progenitors and non-hematopoietic cells comprising the BM niche. In addition, it has yet to be clarified whether human AML stem cells and normal HSCs share the same niche. If normal and malignant stem cells utilize the same niche through same adhesion molecules, cytokine-primed chemotherapy may affect the viability of normal HSCs in the BM to a certain extent, along with LSCs.
We, therefore, aimed to identify molecules that are differentially expressed between AML LSCs and normal HSCs. To do so, we conducted microarray experiments using AML CD34?CD38-cells and cord blood CD34?CD38-cells to determine global gene expression profiles of each stem cell (Fig. 3) [35] . Through the comparison between HSC-associated gene signature and LSCassociated gene signature, we found that CD32 and CD25 are highly over-represented in LSCs among plasma membrane molecules. We confirmed the expression of these molecules at a protein level by flow cytometry and immunofluorescent staining. CD25 is negatively associated with prognosis of AML patients [36] .
We next searched for transcription factors differentially expressed between HSCs and LSCs and found WT1 to be one of the molecules whose expression is significantly higher in LSCs compared with HSCs. Immunofluorescence studies demonstrated that WT1 is expressed by engrafted human CD45? AML cells in the endosteal region of BM.
Whether these molecules could be used as therapeutic targets will require careful examination of expression in non-hematopoietic cells/organs and functional evaluation.
Unlike chronic myeloid leukemia, AML is a heterogenous disease entity making development of molecular targeted therapy challenging. Recently, genomic studies have begun to reveal the association between chromosomal abnormalities and gene mutations with prognosis of AML patients, allowing risk stratification on the molecular basis [37, 38] . Strategies targeting AML stem cells based on such molecular and genetic prognostic classifications may lead to effective therapies that improve long-term patient outcomes in AML.
